The sequence of the N-termninal ten amino acids of the unblocked light chains derived from the low molecular weight immunoglobulin of a dipnoid fish, the African lungfish (Protopterus aethiopicus), has been determined. A degree of sequence heterogeneity as extensive as that displayed by pooled mammalian light chains was encountered. The major N-terminal sequence of the amino acids of light chains from lungfish immunoglobins can be made homologous with that of various Elasmobranchean, Chondrostean, Avian, and Mammalian species if an internal deletion of two base triplets in the gene coding for light chains from lungfish immunoglobulins is assumed. The existence of a deletion and/or insertion mechanism may have profound biological significance, since it would be ideal for the introduction of variability into immunoglobulin chains without sacrificing certain integral features of the antibody molecule.
Much of our current understanding of antibody structure has been derived directly or indirectly from data obtained by amino acid-sequencing of immunoglobulin heavy and light chains (1, 2) . Although these studies have markedly influenced our direction and progress toward the understanding of the genetic mechanisms governing immunoglobulin biosynthesis, the exact nature of this mechanism is still obscure. One of the approaches least used has been the amino acid sequencing of isolated immunoglobulin chains from phylogenetically critical species. The phylogenetic approach, although primarily concerned with the evolution of specific structural forms, permits a view of genetic mechanisms that may have become more complex in more distal phases of evolution. To approach the basic problem of evolution and speciation of the immunoglobulin molecule, we have chosen for study the low molecular weight immunoglobulin of the African lungfish, Protopterus aethiopicus4 (3, 4) . This species is of special interest for it represents a modern member of an independent evolutionary line; the most primitive deviation available for t African lungfish possess two antigenically distinct classes of immunoglobulin, 19 the study of a line of evolution leading to primitive amphibians, and later to mammals.
METHODS AND MATERIALS
The low molecular weight immunoglobulin was purified by a combination of gel filtration and ion-exchange chromatography from the sera of African lungfish, Protopterus aethiopicus, netted in Lake Victoria, Kampala, Uganda (3). The homogeneity of the purified product was ascertained by immunoelectrophoresis, polyacrylamide gel electrophoresis, and analytical ultracentrifugation. The purified 5.8S immunglobulin was reduced with dithiothreitol and alkylated with iodoacetamide in the presence of 6 M guanidine . HCl to ensure complete reduction of all inter-and intrachain disulfide bridges. The heavy and light chains were separated by gel filtration chromatography on a 2.0 X 200 cm column of Sephadex G-100 in 6 M guanidine-HCl (pH 5.5). The isolated chains were examined by acid urea-polyacrylamide gel electrophoresis (5) and no cross-contamination was noted. Desalted and lyophilized chain preparations were examined for N-terminal amino acids by reaction with dansyl chloride in 8 M urea, followed by acid hydrolysis and chromatography on polyamide sheets (6) . Pyrollidone carboxylic acid (PCA) was detected in isolated heavy and light chains by digestion of the chains with Subtilisin (1% w/w) at pH 8.0 in 0.1 M NH4HCO3 for 17 hr at 37°C. The digests were chromatographed on AG 50WX2(H+ form) in H20 and the acidic peptides eluted from the column were separated by high-voltage electrophoresis at pH 3.5. Marker strips were prepared and stained with ninhydrin and then with Clorox-tolidine (7).
PCA-containing acidic peptides were identified by both their staining behavior (ninhydrin-negative and Clorox-tolidine positive), and by acid hydrolysis. Amino-acid analysis showed the presence of at least 1 mol of glutamic acid per mol of peptide. Desiccated light chains were subjected to amino-acid sequence analysis by the Edman degradation method (8) , with an automatic Beckman model 890 Protein Sequencer (9). After each degradation cycle, a portion (20%) of the recovered residue was converted to a phenylthiohydantoin (PTH) derivative and identified by gas-liquid chromatography (10) . The other portion (80%) of the recovered product was hydrolyzed at 150°C for 16 hr in 6 N HC1 that contained phenol and was examined by amino-acid analysis. The latter procedure made possible the positive identification of residues and calculation of per cent recovery. RESULTS Attempts to detect an unblocked amino terminus in immunoglobulin heavy chains from the lung fish were unsuccessful, with only minute amounts of dansyl aspartic acid being visualized by the dansyl chloride procedure. Light chains, on the other hand, showed a considerable yield of dansyl aspartic acid and lesser amounts of dansyl glutamic acid. Four electrophoretically distinct, ninhydrin-negative and Cloroxtolidine-positive, acidic peptides were detected in the Subtilisin digests of the heavy chains. The Rfs of the PCA-containing peptides were .47, .55, .59, and .64, relative to free PCA. The major peptide, Rf = .47, was isolated in relatively pure form and contained Glu, Ser, Val, Leu, and Gly. The other three PCA-containing peptides were isolated in lesser quantities and proved to be crosscontaminated with one another. Inadequate quantities of purified chains precluded further purification and characterization of these three peptides. Lungfish light chains contained considerably less PCA (70%) as the amino-terminal residue. Both electrophoretic and chromatographic analysis of the PCA-containing peptides of the light chains showed them to be identical to the PCA peptides isolated from the heavy chains. The unblocked light chains were subjected to amino-acid sequence analysis and the first 10 residues from the amino terminal are listed in Table 1 . The top line presents the major residue, while the bottom line lists the minor components found at each position. The existence of these minor components emphasizes the heterogeneity found in this region of the light chain from lungfish. Table 2 compares the major sequence of lungfish light chains with the sequences obtained for various elasmobranchean, avian and mammalian light chains.
DISCUSSION
The phylogenetic approach to basic biochemical genetics has often revealed simple operational mechanisms obscured through the passage of evolutionary time. The genetic basis of antibody formation is probably one of the most complex biological processes involving a multigenic system and, thus, has been the subject of several phylogenetic studies. Two such studies have involved the determination of the N-terminal amino-acid sequence of heavy and light chains isolated from elasmobranchean (leopard shark) and chondrostean (paddlefish) immunoglobulins (18, 19) . In both studies, homology between the N-terminal amino acids of the heavy and light chains of the individual species was detected. Furthermore, a close sequence homology was identified between the paddlefish, leopard shark, mouse, and human K light chains. Thus, a common genetic precursor of both heavy and light chain VK regions was suggested. Although chondrosteans and elasmobrancheans share a common ancestor with mammals, they diverged and evolved independently of the line that includes the Sarcopterygii and which culminated with the emergence of the terrestrial forms and, ultimately, the mammals. To facilitate the understanding of genetic aspects of antibody formation in higher vertebrates, the most primitive available member of the evolutionary line-Sarcopterygii-was chosen for study.
The amino-acid sequence in the light chains of the lungfish immunoglobulin proved to be unique. The data strongly suggest that deletion of two nucleotide-base triplets has occurred, when we compared the sequence with prototype mammalian light chains. A definite homology of the lungfish light chain with the other light chain references is observed if this deletion is taken into consideration. The unblocked sequence cannot, however, be assigned to either the K or X type, since equal amounts of homology exist between it and the sequences of mammalian K and X light chains. The presence of a blocked amino terminus in the majority of lungfish light chains more closely aligns this fraction of the light chain population with the X class of mammalian chains, although any phylogenetic comparison based on one residue is extremely hazardous.
Although the unblocked light-chain sequence from immunoglobulins of lungfish cannot readily be classified as either K or X, it does provide useful data with which to examine hypotheses concerning genetic mechanisms involved in generation of antibody variability. Some hypotheses propose the existence of multiple ancestral genes that code for immunoglobulin polypeptide chains, which subsequently gave rise to the present genes. Other hypotheses propose that all immunoglobulin structural genes present today evolved from a single primordial gene (15, 20 The sources of the unblocked sequences are provided by reference notations. Deletions are indicated by (-) and are based on a proposes homology with the amino-terminal sequence of human K-type light chains. Alternative amino acids at given positions are indicated where adequate information is available. No attempt has been made to associate the various alternatives with established light-chain subclassed e.g., KI, KII, KIII; such information can be obtained by consulting the original sources. The order of presentation of the alternatives is that found in the original source or represents the authors' citation of existing data. In the latter case, alternate amino acids are listed in descending frequency of occurrence. Precise estimation of the relative proportion of each alternative at a given position is extremely difficult as Ser, Thr, Trp, and half-cystine are destroyed during the acid hydrolysis of PTH derivatives. The estimation of Ser and Thr in some of the above examples is made by gas-liquid chromatography, and is thus qualitative.
Many of the above light chains are derived from sources as diverse as normal immunoglobulins, immunoglobulins found in chemically induced and naturally occurring plasmacytomas, and homogenous immunoglobulins induced by injection of certain streptococcal vaccines. Where the sequence of normal light chains did not extend to include the first twelve residues, the sequences were completed by utilizing sequences of light chains derived from the above sources. * See Table 1. t Deletion at this position was proposed by the authors of (12) .
another type of amino-terminal deletion, namely an internal [2, 3] 
